Abstract Although hematological disorders with salient features of thrombocytopenia have been well documented in dengue patients, the role of CD61-expressing platelets and the megakaryocytic cell lineage in the pathogenesis of dengue virus (DENV) infection remains largely unexplored. A prospective observational study was performed using blood samples and PBMCs from dengue-confirmed patients, as well as from rhesus monkeys (RM) experimentally infected with DENV. Immunohistochemical staining and FACS techniques were applied to evaluate the frequencies of CD61 ? cells that contained DENV antigen. Highly enriched population of CD61
Introduction
Dengue virus (DENV) infection has been recognized among one of the most important arthropod borne human diseases. Although dengue is mainly thought to be a disease confined to tropical and subtropical regions, more than 100 countries are endemic with about 50-100 million people at risk annually. Recent outbreaks in Key West, Florida, and Brazil serve as a vivid reminder that dengue represents an immediate threat to North America [1, 2] . Due to its high incidence and morbidity, dengue has become a global public health concern.
The clinical characteristics of DENV infection include abrupt high-grade persistent fever, imbalance of hemostasis, thrombocytopenia, leucopenia, atypical lymphocytosis, and to some extent, lymphocytopenia. Although the majority of the symptoms of dengue disease are similar to other febrile viral illnesses, which are self-limiting, some of the infected patients require hospitalization, suffering serious complications that can result in death [3] . The symptoms of severe forms of DENV infection include plasma leakage, bleeding, or severe dysfunction of various organs [4] . There are four distinct dengue serotypes (DENV-1 to DENV-4), each capable of inducing dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS) [5] .
Hematological disorders with salient low platelet counts have been well recognized as clinical manifestation of DENV infection in patients. Thus, thrombocytopenia is a consistent laboratory finding and has been viewed as one of the critical physiological hallmarks of abnormal hemostasis in dengue patients [6, 7] . Studies performed on natural DENV-infected humans reveal two prominent scenarios that account for the thrombocytopenia: bone marrow suppression, in particular early suppression of megakaryocytopoiesis, and peripheral platelet destruction during the late febrile and early convalescent phase of disease [8] [9] [10] . Both theories are supported by a number of post-prodromic studies that have documented the presence of viral antigens on the surface of platelets, immune-complex-containing platelets in skin biopsy specimens, detection of DENV-like particles in platelets, production of platelet-associated immunoglobulin M or G (PAIgM/PAIgG) and its correlation with thrombocytopenia, bone-marrow suppression with marked reduction of megakaryocytes, and circulating readily detectable levels of immune-complex in sera of dengue patients [11] [12] [13] [14] [15] [16] [17] . In addition, valuable information has been obtained from in vitro studies [18] . These reports suggest that megakaryocytic destruction may result in immune-mediated clearance accompanied by defective production of platelets that together contribute to thrombocytopenia. However, the precise mechanisms accounting for thrombocytopenia in DENV infections remain controversial due to the lack of direct in vivo evidence. These thoughts prompted us to carry out a more detailed study designed to provide further insights on the potential cause of thrombocytopenia in DENV-infected patients and experimentally DENV-infected rhesus macaques.
Methods

Dengue patient enrollment
A total of 167 patients hospitalized with suspected or confirmed dengue virus infection at the Siriraj Hospital, a large public tertiary care center in Bangkok, from November 2006 to September 2007 [16] and from March 2009 to October 2011 were eligible for enrollment in the study. The World Health Organization grading system on dengue fever and dengue hemorrhagic fever was used to define severity of disease. Confirmation of dengue virus infection based on the clinical data, serological data and viral serotyping was performed using procedures that have been previously reported [16] . Of the 167 patients, specimens from 34 dengue confirmed cases were included in this study. There was no treatment intervention in this study. The study was approved by the Siriraj Hospital Ethics Committee and conforms to the guidelines of the Ministry of Health, Government of Thailand. Prior informed consent was obtained from all participants or a parent of pediatric patients prior to enrollment into the study.
Dengue virus infection in nonhuman primates
Rhesus monkeys (Macaca mulatta) of Indian origin (designated RM#4, RM#5 and RM#6) were infected with 1 ml of dengue virus serotype 2 (16681 strain; 10 7 FFU/ml) as previously described [19] . Whole blood was collected in sodium citrate anti-coagulated tubes at different time points post infection and peripheral blood mononuclear cells (PBMCs) were isolated by utilizing lymphocyte separation medium according to the manufacturer's instructions (Mediatech, Inc., Manassas, VA, USA). All experimental protocols and procedures were conducted following approval by the Emory Institutional Animal Care and Use Committee (IACUC), and all animals were housed at the Yerkes National Primate Research Center of Emory University and cared for in conformance to the guidelines of the Committee on the Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources, National Research Council and the Health and Human Services [20] .
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Collection of megakaryocytic cells in circulation Isolation of megakaryocytes from whole blood of dengue patients was carried out using a method developed by Wilde et al. [21] . Briefly, a 0.3 ml aliquot of whole blood was passed via gravity through an assembled syringe filter holder containing a nucleopore polycarbonate membrane of 5 lm pore diameter (Fisher Scientific, Pittsburgh, PA, USA) as shown by the schematic illustrated in Supplementary Figure 1 . Following two washes with saline, the membrane was removed and left to dry thoroughly before staining.
Immunostaining for dengue viral antigen and platelet/ megakaryocyte markers Smears of unfractionated whole blood and peripheral blood mononuclear cells (PBMCs) were prepared from freshly collected blood in a citrate-anti-coagulated tube. PBMCs were isolated by utilizing lymphocyte separation medium according to the manufacturer's instructions (Mediatech, Inc., Manassas, VA, USA). Aliquots of the blood and PBMC were smeared onto slides and air-dried. Both blood smears and PBMC slides were subjected to immunofluorescence staining using an approach as previously described [17] . Images of the stained cells were captured with a Zeiss microscope equipped with an Axis 5 digital camera.
Immunohistochemical staining for the detection of dengue viral antigen in freshly isolated PBMCs was performed by employing the Vectastain ABC immunohistochemistry kits (Vector Laboratories, Inc., Burlingame, CA, USA) according to the manufacturer's instructions. Mouse anti-E monoclonal antibody (clone 4G2), mouse anti-prM monoclonal antibody (clone 2H2) and isotype-matched control (IgG2a) antibody were utilized in the primary staining step. The stained samples were incubated with 3-amino-9-ethylcarbazole (AEC) or diaminobenzidine (DAB) as an enzyme substrate for peroxidase followed by mounting with DAPI (Invitrogen) or counterstaining with hematoxylin. For double staining of dengue viral antigen with a specific marker for platelets and megakaryocytes, freshly isolated PBMCs were fixed on slides with 4 % paraformaldehyde for 20 min and permeabilized with 0.2 % triton X-100 for 10 min at RT. The samples were treated with 0.6 % H 2 O 2 for 30 min to block endogenous peroxidase followed by 30-min incubation with 10 % human AB serum. After two washes with PBS, the samples were treated with avidin and biotin solutions using the avidin/biotin blocking kit (Vector) according to the manufacturer's instructions and then incubated with mouse anti-E monoclonal antibody (clone 4G2) or its isotypematched control antibody at 4°C overnight. The samples were washed three times with PBS and incubated with biotinylated horse anti-mouse immunoglobulins (Vector) at RT for 30 min followed by three washes with the same buffer. The samples were then incubated for 30 min each with Vectastain ABC reagent and AEC substrate (Vector Laboratories, Inc., Burlingame, CA, USA) for the development of peroxidase signals. Thereafter, the samples were washed three times with PBS, incubated with 10 % normal mouse serum for 30 min, and then labeled with FITCconjugated mouse anti-human CD41 antibody (Genway Biotec, San Diego, CA, USA) for 1 h. Following washing with PBS, the samples were incubated with 1:250 dilution of rabbit anti-FITC antibody conjugated to alkaline phosphatase (Sigma Aldrich, St. Louis, MO, USA) and the signal was developed using Vector blue alkaline phosphatase substrate kit III in the presence of levamisole solution (Vector), an inhibitor of endogenous alkaline phosphatases. To perform double staining of megakaryocytes on the polycarbonate membranes, the staining procedure was performed as described above except that the membrane was fixed with acetone/methanol (50:50) for 90 s and 50 mM Tris, pH 7.5 was used as washing buffer. The stained membranes were mounted with DAPI reagents (Invitrogen) and the resulting images were captured with a Zeiss microscope equipped with an Axis 5 digital camera.
Flow cytometry and cell sorting from infected rhesus blood samples
In efforts to identify the kinetics by which changes that appeared in the cell lineages suspected to be targets of DENV infection, blood from rhesus macaques experimentally infected with DENV was collected in a sodium citrate tube at the indicated time points and stained with a panel of fluorochrome-conjugated antibodies with specificity for the following cell surface markers: CD45, CD3, CD20, CD14, CD41, CD61 and CD62P. The stained cells were subjected to polychromatic fluorescence-activated cell sorter (FACS) analysis using a BD LSRII flow cytometer (BD Biosciences, San Jose, CA, USA). CD61 and CD62P (P-selectin) markers are cell surface markers expressed by platelets and megakaryocytes that also serve as markers of platelet activation, respectively. The frequency of CD61
? CD62P ? cells was analyzed in the gated leukocyte subpopulation. Data were collected and analyzed using the FlowJo software (TreeStar Inc., Ashland, OR, USA).
In efforts to determine whether the CD61 ? cells are the target of DENV infection, an aliquot of PMBCs from each of the three infected rhesus monkeys on days 3 and 5 post infection was stained with a panel of fluorochrome-labeled antibodies with specificity for CD3, CD20, CD14, CD16, CD41 and CD61. A FACSAria II (BD Biosciences) cell sorter was then utilized to isolate cells from the stained samples by gating out cells that expressed CD3, CD20, CD14 and CD16 and by selecting for cells that expressed CD41 and CD61. The cell sorting strategy is illustrated in Supplementary Figure 2 . Aliquots of pre-and post-sorted cells were analyzed for the purity of the sorted population.
Quantitation of dengue viral RNA by real-time RT-PCR RNA was extracted from the cell sorter-enriched population of CD41
? CD61 ? cells using RNeasy mini kit (QIA-GEN, Germantown, MD,USA). The resultant RNA was subjected to quantitative RT-PCR using the TaqMan RT kit (Perkin Elmer Applied Biosystem) and Bio-Rad iCycler system with a standard control for viral RNA quantitation similar to a previously described method [17, 19] . The limit of detection was approximately 100 copies of RNA equivalent viral genome per milliliter in this assay.
Results
Dengue viral antigen detected in small vesicles
PBMCs were isolated from dengue patients, smeared onto slides and subjected to immunohistochemical staining as described in the ''Methods''. Dengue viral antigen was predominantly observed within vesicle-like structures of anuclear cells of varying size (Fig. 1b, d ). In addition, some of these dengue viral antigen-positive cells appeared either adherent to or associated with the surface of nucleated cells (Fig. 1c, e) , presumably macrophages/monocytes ( Fig. 1f and [19] . Isotype control antibody staining was used as a negative control (Fig. 1a) .
CD61
? cells were positive for dengue viral antigen
In attempts to identify the cell surface phenotype and the lineage of the cells that contained dengue viral antigen, a number of known specific surface markers were utilized to perform double staining with the blood smears from dengue patients as described in the ''Methods''. To our surprise, cells that stained for CD61, a marker for platelets and megakaryocytes, were observed to be positive for dengue viral antigen (Fig. 2a, b) . The nucleus of the CD61 ? cells seemed to be granulated and perhaps degenerated ( Fig. 2a  and Supplementary Figure 3) . The average number of cells with a visible nucleus in blood smears prepared from 20 randomly selected samples was determined to be 1153 ± 153 (mean ± SD). However, the frequencies of such cells were rare, with approximately 4-6 cells noted per blood smear slide from acute samples. These cells either are a unique and unidentified population of cells or are phagocytic cells that have engulfed dengue viral antigen such as monocytes/macrophages, which are also positive for CD41/CD61 [6, 19, 22] . We submit that the CD61
? anuclear cells could potentially be giant platelets that are positive for dengue viral antigen ( Fig. 2b and Supplementary Figure 4A and B) . As a whole, the percentage of cells positive for the dengue viral antigen varied from individual to individual ranging from 0.05 to 0.9 % (0.63 ± 0.26 %, Mean ± SD) among the CD61
? anuclear cells (Supplementary Figure 4C and D) . This line of evidence further suggests that cells that express the cell surface CD61 marker are likely one of the targets during acute DENV infection.
Dengue viral antigen containing megakaryocytic cells in freshly isolated PBMC Dengue viral antigen has been reported to be detectable in the cytoplasm of anucleated cells in association with an increase in the number of megakaryocytes in the capillaries of various organs in studies of autopsy specimens [23] . In addition, it has been suggested that DENV may infect megakaryocytes and alter transcriptional events including differentiation and nucleic acid synthesis [24, 25] . As platelets are the product of megakaryocytes, it was reasoned that a study of markers of megakaryocytes in fresh PBMC specimens from dengue patients would thus be appropriate.
Immunofluorescence staining was thus utilized with antibodies specific for dengue viral antigen and cell surface markers of platelets. These studies revealed that cells in the process of releasing vesicles (presumably platelets) were positive for the viral antigen (Fig. 3a) . These cells were undergoing platelet production and were also positive for dengue viral antigen (Fig. 3b) . As expected, isotype control staining did not show the dengue viral antigen signal (Fig. 3c) . Immuno-histochemical staining also revealed cells with odd nuclei and loose cytoplasm as well as anucleated cells that were associated with platelets that appeared to contain dengue viral antigen (Supplementary Figure 5A and C) . The specificity of dengue viral antigen detection was confirmed using an isotype control antibody (Supplementary Figure 5B and D) . Moreover, double immuno-histochemical staining for a platelet-specific marker and dengue viral antigen demonstrated that the PBMC specimens from dengue patients contained condensed cells with small cytoplasm-to-nucleus ratios (which were capable of binding platelets and pro-platelet formation) harbored dengue viral antigen (Supplementary Figure 6A and B, respectively). These were not observed in specimens stained with the antibody isotype control
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(Supplementary Figure 6C) . The platelet-specific marker and dengue viral antigen were observed mainly at the outer edges of the cytoplasm and rarely inside the cell (Supplementary Figure 7A) . Occasionally, cells with low cytoplasm-to-nucleus ratios were seen as well (Supplementary Figure 7B) ; the morphological appearances of these cells were apparently very similar to those observed in Figure 2a . These findings together strongly suggest that an association of dengue viral antigen with megakaryocytes exists.
Detection of dengue viral antigen in circulating megakaryocytes
Initial attempts to isolate the megakaryocytes in circulation with frozen and thawed PBMC from dengue patients revealed that features such as membranes of megakaryocytic cells in the process of ongoing production of platelets were lost. Thus, special care was taken with freshly obtained samples in efforts to preserve the integrity of the cells due to the large cell volume and Fig. 1 Detection of dengue viral antigen in small vesicles. PBMCs were isolated from dengue patients, smeared onto slides and subjected to immunohistochemical staining for the detection of dengue viral antigen. Briefly, the cells were successively incubated with either mouse anti-dengue E antibody (clone 4G2) or isotype-matched control antibody followed by horse anti-mouse immunoglobulins conjugated with biotin and developed by a streptavidin-HRP complex. 3-amino-9-ethylcarbazole (AEC) was utilized as a substrate. The stained cells were mounted with Hoechst dye and observed using a fluorescence microscope. a Isotype antibody staining. b Anuclear cells and small vesicles were the cells that were predominantly positive for dengue viral antigen. c Dengue viral antigen containing platelets/vesicles adhered onto the surface of a nuclear cell. d Enlarged view of the red rectangle area in b. e Enlarged view of the red rectangle area stained with c. f Wright's stain revealed that platelets/vesicles adhered onto the surface with morphology similar to monocyte/macrophage. Results are shown in bright field (dengue viral antigen, red), and in fluorescent field (nucleus, blue) and are representative of 8 dengue confirmed specimens. Results obtained using specimens from healthy donors performed in parallel showed findings similar to that noted with the use of isotype-matched control antibody staining mass of megakaryocytes. A majority of these enriched population of cells appeared not to contain a visible nucleus, but some of them did stain positive for dengue viral antigen as described above. The finding of giant cells that stained positive for both the dengue viral antigen and the megakaryocytic cell surface marker CD41 was rare (Fig. 4a, b) . The specificity of this detection was verified by staining with isotype control antibody (Fig. 4c) . These results lend support to the early observations that large numbers of megakaryocytes are in the capillaries of dengue patients and that megakaryocytes could be infected by DENV. Furthermore, the results also suggest that alteration of the characteristics of megakaryocytes and the physiology of the body's fluid composition secondary to DENV infection may result in the mobilization of young megakaryocytes from the bone marrow into the circulating peripheral blood.
Kinetic profile of CD61 ? cells and their association with dengue viral RNA following dengue virus infection
Since it is difficult to perform kinetic studies of the frequencies of CD61
? cells during acute infection on dengue patients, we took advantage of samples from the recently described nonhuman primate dengue model reported by our lab [19] and performed the kinetic studies. Whole blood from three DENV-infected rhesus monkeys was subjected to staining and analysis by flow cytometry using the gating strategy as shown in Supplementary Figure 8 .
Results showed that CD61
? cells particularly in the activated form (CD61 ? CD62P ? ) were detected predominantly within the gated monocyte population and to a lesser extent within the gated granulocyte and lymphocyte populations, respectively (Supplementary Table 1 ). The frequency of these CD61
? CD62P ? cells appeared to be increased in all Table 1 ).
To verify the presence of dengue viral materials in these CD61
? cells, the CD61 ? cells were cell sorter purified from PBMC obtained post days 3 and 5 of infection from the rhesus monkeys. The strategy for the cell sorting is shown in Supplementary Figure 2 . The purity of the sorted cells ranged from 85 to 95 % as determined by FACS (data not shown). Detection of dengue viral RNA from the sorted cells was performed as described in the ''Methods''. The contents of the viral RNA in these isolated CD61
? cells were on average, 100 copies per cell on day 3, while almost undetectable on day 5 after infection (Table 1) . These results suggest that the CD61
? cells could serve to promote virus dissemination in dengue patients that may be followed by subsequent engulfment by phagocytic cells [6, 19] .
Discussion
Dengue is a timing disease that is conceivably a consequence of immune-mediated illness. Patients with dengue do not die at the time of viremia but rather at a later point ? cells show characteristics of megakaryocytes. PBMC smears prepared from dengue patients were subjected to the processes as described in the ''Methods''. a Double immunofluorescence staining for dengue viral antigen (red) and CD61 (green); b Immunohistochemical staining for dengue viral antigen (brown) in the presence of hematoxylin counterstaining (blue); and c staining with isotype-matched control antibody served as a negative control. Cells in the process of releasing vesicles and budding progenies were positive for dengue viral antigen and CD61. Representative images from 20 specimens are shown as a result of the post-viremic shock, which occurs at a variable time point once the platelet count nadirs. The role of hematological imbalance in disease development remains unclear.
The loss of platelets in dengue disease could result from enhanced immune-complex mediated complement lysis, IgG-Fcc II-mediated phagocytosis by macrophage or dendritic cells, direct engagement with virus, or anti-platelet IgG-induced fragmentation via the induction of reactive oxygen species [16, 17, [26] [27] [28] [29] . Recent results show that platelet-monocyte aggregation is one of the most significant events during the defervescent stage [22] . In addition, Fig. 4 Detection of dengue viral antigen in megakaryocytic cells in the circulation. Megakaryocytic cells in whole blood from dengue patients were collected on a nucleopore polycarbonate membrane of 5 lm pore diameter as described in the ''Methods''. The membrane was then processed for double immunofluorescence staining for dengue viral antigen (red) and CD41 (dark blue), a marker for platelets and megakaryocytes. Representative results from 26 dengueconfirmed specimens are shown. a Cells stained for dengue viral antigen only. b Cells stained for both dengue viral antigen and CD41. c Cells stained with isotype-matched control antibody which served as negative control Total viral RNA copies 9.75 9 10 an increased level of phagocytosis of DENV-induced apoptotic platelets by macrophages was observed during secondary DENV infection [30] , and dengue viral antigen containing platelets were engulfed by phagocytic cells [6] . For these reasons, the timing of immune-complex formation and the development of cytokine storms in the context of disease severity need further study. The significance of circulating immune complexes in dengue has been well established [11, 32] . As generation of immune complexes between antibody and antigen is dependent on non-covalent forces, which are highly temperature-sensitive [31] , it is possible that the formation of circulating immune complexes found in the plasma of dengue patients could occur more efficiently at normal body temperature than at higher temperatures. Interestingly, the maximum levels of immune complexes are found in patients when the fever subsides and platelet counts reach a nadir [33] , while higher numbers of platelets and viral titers were observed during the high fever period [34] . In addition, PAIgM/PAIgG has been investigated [35] and found in acute dengue patients and declines to undetectable levels after viremia has resolved [36] . The presence of DENV-like particles in platelets of dengue patients and in infected rhesus monkeys has also been documented [16, 17] . These data suggest that the direct attack of platelets by DENV may be possible and that the PAIgM/PAIgG may react to dengue viral antigen expressed on the surface of platelets [13, 27, 35] . Mitrakul et al. [37] demonstrated that radio-labeled platelets showed increased localization to the liver rather than in the spleen of dengue patients. In addition, the deposition of dengue viral antigen, human immunoglobulin, and C3 have each been shown on the surface of platelets in dengue patients [14, 38] , suggesting that immune complexes may be alternatively transported by red blood cells carrying CR1 on their surface to the liver or spleen for destruction by phagocytes [39] . These findings together suggest that the immune-mediated injury is the underlying mechanism of platelet destruction in peripheral blood of dengue patients. This may explain why recipients who were transfused with blood components such as RBC and platelets from donors prior to the donor's manifesting symptoms of DENV infection led to the incidence of severe dengue disease [40] , and may partially account for the low recovery of infectious DENV in platelets isolated from dengue patients at the stage of shock [41] , despite the high percentage of dengue viral RNA detected during the fever phase [12, 16] .
Detection of bone marrow components, such as megakaryocytic cells, in peripheral blood of dengue patients is of interest, since hypocellularity during the early stages of infection in the bone marrow of acute dengue patients has been previously documented [8, 9] . Our kinetic studies using bone marrows from DENV-infected rhesus monkeys [17] demonstrated a transient surge of bone marrow cellularity, together with temporarily increased CD41
? CD61 ? cells during the course of acute DENV infection. In addition, we observed the presence of monocytes that had previously engulfed activated platelets containing dengue viral antigen [19] . Furthermore, the kinetics of dengue virus replication in highly enriched population of cell sorter purified CD41
? CD61 ? cells revealed that dengue viral RNA was readily detectable on day 3, but declined by day 5 after infection, suggesting that CD41
? CD61
? cells with megakaryocytic characteristics may be among the initial target cells for the amplification and/or dissemination of dengue virus during the early phase of infection, and these cells are cleared off from the circulation by phagocytic cells such as monocytes during the late phase of infection. Therefore, these particular cells may serve as one of the early primary targets for DENV infection and may be responsible for thrombocytopenia in dengue disease. A potential role of megakaryocytes as targets for a number of other viruses has also been reported previously. For example, a study on Junin virus infection which induces acute thrombocytopenia in Argentine hemorrhagic fever showed typical Junin viral particles that were seen only in platelet demarcation channels of megakaryocytes, but not in other bone marrow cells in infected guinea pigs [42] . Hematopoietic progenitor cells (HPC) normally reside in the bone marrow, but can be mobilized into the peripheral blood by stimulation with cytokines/ chemokines [43, 44] . These cytokine/chemokine-induced signals are produced by cells directly in response to invading pathogens. CD41
? CD61 ? cells, most likely belonging to the megakaryocytic cell lineage, normally account for 1 % of the bone marrow but can change dramatically in certain diseases or infections, causing their propulsion into the peripheral circulation. The results of this study are consistent with the autopsy observations described in the early 1960s [45, 46] . This phenomenon of the mobilization of bone marrow resident cells into the blood may likely be stimulated by the levels and combinations of cytokines/chemokines and may possibly be related to the bone pain, or the so-called breakbone fever, in dengue patients. These findings suggest that DENV-like particles or antigen-positive platelets are likely derived from the megakaryocytes or one of their progenitor cells. However, this hypothesis needs further study.
It has been suggested that there is an ambivalent relationship between platelets and viruses. Platelets may serve as a shelter beneficial for the spreading of virus, but on the other hand, they may facilitate the destruction of dengue and the clearance of platelets [47] [48] [49] [50] . Interestingly, recent results showed the presence of DENV-like particles inside platelets of dengue patients [16] and in infected rhesus monkeys [17] , suggesting to some extent that some of the events, important for the DENV life cycle, may occur in platelets or in its precursor cells, megakaryocytes. However, it has been known that platelets are not only able to engulf foreign particles, such as latex beads, bacteria, and viruses [51] [52] [53] , but platelets readily associate and adhere to immune cells, in particular, monocytes or macrophages [54] . Moreover, the engulfment of platelets by monocytes has been shown to occur in samples from both dengue patients and experimentally dengue-infected nonhuman primates [6, 19, 22] , and that infected leukocytes were always present on the last day or the day after disappearance of the virus from plasma [55] . A model, therefore, can be drawn from these observations: platelets may provide a perfect shield for the DENV during the early time period of infection, and PAIgM/PAIgG production is likely involved during later time points of the infection to assist host immune defense mechanism to clear the body of DENV. However, whether PAIgM/PAIgG antibodies enhancing the clearance accounting for the shorter duration of viremia in secondary infection remains to be demonstrated. In addition, our findings could have a significant impact on the evaluation of safety and efficacy of live-attenuated DENV vaccine that has predominantly relied on the levels of viremia and the levels of virus neutralization antibody titers, respectively. However, the window for DENV detection in plasma is very short and the antibody neutralizing titer is detected late after the second dose in clinical trials, potentially due to the fact that the cellular niche for circulating virus is not well defined [56] . Consequently, our findings of dengue viral products in the platelets may suggest a new strategy for the development of dengue vaccine, and potentially assist in the evaluation of DENV vaccine safety and efficacy.
